The emergence of resistant strains of human pathogens to current antibiotics, along with the demonstrated ability of polyketides as antimicrobial agents, provides strong motivation for understanding how polyketide antibiotics have evolved and diversified in nature. Insights into how bacterial polyketide synthases (PKSs) acquire new metabolic capabilities can guide future laboratory efforts in generating the next generation of polyketide antibiotics. Here, we examine phylogenetic and structural evidence to glean answers to two general questions regarding PKS evolution. How did the exceptionally diverse chemistry of present-day PKSs evolve? And what are the take-home messages for the biosynthetic engineer?
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biosynthesis ͉ metabolism ͉ engineering P olyketides are a large family of medicinally important natural products, which are formed through the condensation of acylthioester units such as malonyl-CoA and methylmalonyl-CoA to yield metabolites with diverse structures and biological activities. Broadly speaking, there are three separate types of polyketide synthases (PKSs) recognized in bacteria. Multimodular PKSs consist of one or more large multidomain polypeptides where the growing polyketide chain is sequentially passed from one active site to the next. Depending on the nature of their constituent catalytic domains, these megasynthases generate chemical variety and complexity in a stepwise fashion (reviewed in ref. 1) . In contrast, iterative PKSs are comprised of a single set of catalysts that assemble a polyketide of controlled chain length through repetitive use of active sites (reviewed in ref. 2) . In both cases, the nascent polyketide product is frequently acted on by further tailoring enzymes to generate the antibiotic. A third type of PKS (called type III PKSs) is fundamentally different in that the growing polyketide chain is never directly attached to a protein (reviewed in ref. 3 ). This article focuses on the evolution of only the first two PKS classes.
Bacteria, in particular Actinomycetes and Cyanobacteria, are prolific sources of polyketides, many of which possess antibiotic activity. Erythromycin, tetracycline, and amphotericin B are three well known examples of antimicrobial warfare agents from this group of bacteria that have been found useful for treating human diseases. Polyketides have also been discovered that play other roles in the environment other than to defeat microbial competitors. One such polyketide, mycolactone, is a pathogenesis-enabling immunosuppressant produced by the bacterium Mycobacterium ulcerans. This human pathogen is the causative agent of Buruli ulcer, but M. ulcerans mycolactone-negative mutants are avirulent. Addition of mycolactone to the mycolactone-negative mutants (chemical complementation) restores virulence (4) . Other polyketides have been discovered that support a symbiotic relationship. One such compound, rhizoxin, is produced by a Burkholderia sp. symbiont of the fungus Rhizopus sp. Without the symbiont, the fungus cannot make the polyketide that functions to inhibit mitosis in rice plants and allow pathogenesis (5) . The bryostatins are a family of polyketides that are found in marine bryozoans and are believed to be produced by bacterial symbionts (6) . These compounds have demonstrated feeding deterrence against relevant predatory fish and are believed to protect the juvenile free-swimming bryozoans until they settle and develop structural defenses (7) .
Given the diverse roles polyketides have been found to play in the environment, a natural question to address is how do polyketides evolve? Here, we take a look at the literature to date and present analysis in an attempt to answer this question. Our discussion focuses on selected bacterial natural products that are (at least in part) derived from both multimodular and iterative PKSs. We also discuss some implications of insights into natural evolutionary processes for efforts aimed at engineering new polyketide drugs.
Results and Discussion
Evolution of PKSs. Earlier phylogenetic studies have suggested that PKSs share a complex evolutionary history among themselves and with prokaryotic and eukaryotic fatty acid synthases (8, 9) . Our objective was not to be exhaustive in our analysis, but rather to glean answers to two general questions regarding PKS evolution in the context of specific polyketide biosynthetic features. The two overarching questions of interest to us are: How did PKSs evolve? And what are the take-home messages for the biosynthetic engineer?
Iterative PKSs. Biosynthetic considerations. The most widely studied family of iterative PKSs is one that is responsible for the biosynthesis of several polyfunctional aromatic antibiotics such as actinorhodin, tetracycline, doxorubicin, and frenolicin. Its core set of enzymes includes a heterodimeric ketosynthase (KS) and chain length factor (CLF), an acyl carrier protein (ACP), and a malonyl-CoA:ACP transacylase (MAT) usually recruited from fatty acid synthases. Together these four proteins comprise the minimal PKS necessary to generate a polyketide. The KS-CLF catalyzes chain elongation (and often initiation) through decarboxylative condensation of malonyl building blocks, the ACP delivers malonyl building blocks to the KS-CLF, and the MAT supplies malonyl groups to the PKS (10). The collective action of these proteins leads to formation of a highly reactive polyketide chain of defined length that is controlled by a deep pocket in the KS-CLF. This biosynthetic intermediate is then acted on by tailoring enzymes such as ketoreductases (KRs), aromatases (AROs), and cyclases (CYCs) to yield a natural product; some of these enzymes can interact with the minimal PKS so that polyketides of different chain lengths are not produced (11, 12) . Additional modifications by other tailoring enzymes such as dimerases, P450 monooxygenases, methyltransferases, and glycosyltransferases can then take place to further elaborate the natural product that usually contributes significantly to the molecule's antibiotic activity (2) . The presence or absence of these accessory enzymes therefore plays an important role in the diversity of aromatic polyketides found in nature.
The biosynthesis of some aromatic polyketides is primed by building blocks other than acetate units derived from malonyl-CoA decarboxylation. Examples include enterocin, which is primed by benzoate (13) , benastatin, which is primed with hexanoate (14), the R1128 antibiotics, which are primed by a range of short-chain carboxylic acids (15) , oxytetracycline, which is primed by malonamate (16) , and daunorubicin, which is primed by propionate (17, 18) . This priming is catalyzed by initiation PKS modules, which vary depending on the priming unit. Commonly found in these initiation modules are homodimeric KSs (related to the KSIII enzymes that initiate fatty acid biosynthesis in bacteria) (17, 19) and acetyl-ACP thioesterases (AATEs; often referred to as AT homologs) (20) . These KSs catalyze the first chain elongation cycle, whereas the AATEs prevent mispriming of the KS-CLF by an abundant acetate unit (20) . Similar to post-PKS tailoring steps, the primer unit can also profoundly affect the biological activity of the polyketide. An example is frenolicin B, which is identical in structure to kalafungin with the exception of a propyl substituent instead of a methyl group. Frenolicin B has excellent antiparasitic activity, whereas kalafungin is much less effective (21) . Horizontal gene transfer. An earlier phylogenetic comparison of PCR-amplified KS fragments and 16S ribosomal DNA from 99 actinomycetes isolated from soil has been reported. The tree topologies for the two sets of sequence tags had little correlation with each other. Thirteen isolates with identical 16S rDNA sequences had diverse aromatic PKS genes that fell into six different antibiotic groups. Conversely, two strains with divergent 16S rDNA sequences had very similar KS sequences (22) . Thus it appears that bacterial evolution and polyketide evolution are independent of each other, and that horizontal gene transfer is a driver of aromatic polyketide diversity in nature.
Based on the above biosynthetic considerations and the knowledge that horizontal gene transfer is present in these systems, we focused our analysis of evolutionary relationships on KS, CLF, priming KS and AATE homologs, and downstream tailoring enzymes found in bacteria. By subjecting these genes and corresponding proteins to phylogenetic analysis, we could assess the role of horizontal gene transfer as opposed to coevolution between genes and gain further insights into how diversity of bacterial aromatic polyketides is achieved. KS and CLF evolution. The evolutionary relationship between KS and CLF sequences of KS-CLF heterodimers has been noted (23) . Subsequent structural and mutagenesis studies have verified and elaborated on the hypothesis that the CLF arose from duplication of an ancient KS gene and subsequently evolved to fashion a well shielded binding pocket for a highly reactive polyketide chain that can grow only to a defined length (24, 25) . Previous phylogenetic analysis has revealed that all KS sequences formed a distinct clade separate from the CLF sequences, suggesting that the heterodimeric pair had only evolved once. It was also noted that, within both the KS and CLF clades, the spore pigment proteins diverged early on from corresponding antibiotic PKS sequences (23) . CLF sequences had a faster divergence rate than KS sequences, despite the fact that these two genes are usually adjacent to each other in gene clusters and are frequently translationally coupled. As chain length is a driver of polyketide diversity (26) , this faster divergence is consistent with its pivotal role in the evolution of new antibiotic activities.
We wanted to reinvestigate the evolution of KS and CLF by incorporating a much larger dataset than was previously available (23) . For our analysis, only KS and CLF sequences were included whose biosynthetic product (or chain length in the case of spore pigments) has been characterized. This product led to the inclusion of 33 KS and CLF sequences, including the putative KS and CLF sequences encoding for a four-carbon building block of the alkaloid aurachin found in a Gram-negative bacterium, Stigmatella aurantiaca (27) . Two sets of phylogenetic analysis were performed (28) . The trees depicted in Fig. 1 are Bayesian phylograms generated from DNA sequences that were aligned based on the respective protein sequences, as trees prepared with this method were judged to be most accurate but not perfect. Less accurate were parsimony trees based on protein sequences, but it was argued that if both methods gave a similar result one could be confident that the key conclusion was reliable. Therefore, we conducted both sets of analysis so that the reliability of the results could be evaluated.
The phylogram of the KS and CLF sequences is largely in agreement with the previously reported results (Fig. 1 A) . The 32 KS sequences from actinomycetes fell within a defined clade with strong support from both methods, and the aurachin CLF homolog AuaD along with the 32 other actinomycete CLF sequences fell within a supported clade. Therefore, newer data still support the premise that all KS-CLF heterodimers are descendants of a common ancestor. Interestingly, both the aurachin KS and CLF sequences fall outside of the actinomycete KS and CLF clades. The biochemical properties of these proteins need to be investigated, as they might not function as true KS-CLFs. In the KS and CLF clades [ Fig. 1B and supporting information (SI) Fig. 6 ], the antibiotic resistomycin KS and CLF sequences (29) have diverged the furthest from all other KS and CLF sequences, respectively. Resistomycin is the only bacterial aromatic polyketide that has a discoid structure catalyzed by the action of several CYCs. This finding suggests that ancestral KS-CLF pairs may have served to produce antibiotics or compounds with other biological activities from which other roles such a spore pigment formation arose later. All other antibiotic gene sequences share a common ancestor with the spore pigments, as was found (23) .
A question of obvious evolutionary interest in the context of aromatic polyketide biosynthesis is: At what point in their evolution did the catalytic specificity of PKSs diversify? Arguably the most important driver of polyketide structural diversity is the backbone chain length. The longer a polyketide chain, the greater are the degrees of freedom for it to undergo alternative modes of cyclization (for an example, see ref. 11). Examination of the KS and CLF trees (Fig. 1B and SI Fig. 6 ) clearly shows that the chain length specificity of minimal PKSs has diversified independently in the context of multiple antibiotic families. For example, different chain lengths can be found within separate well supported evolutionary groups such as clades A and B. If so, then it suggests that there are likely multiple routes through sequence space to engineering a PKS with desired chain-length specificity. A similar conclusion can also be drawn from the KS and CLF trees by focusing on PKSs that incorporate nonaccetate primer units. Minimal PKSs that are primed with nonacetate units are found in well supported clades with acetate-primed PKSs. Thus, bimodular PKS activity is also likely to have evolved independently in multiple aromatic polyketide subfamilies and presumably contributed significantly toward optimization of antibiotic activity.
A related, but distinct, question has to do with the evolution of different chemotypes within the family of bacterial aromatic polyketides. It appears that KSs and CLFs involved in the biosynthesis of compounds of the same chemotype are usually closely related ( Fig. 1B and SI Fig. 6 ). For example, the four angucyclines and the two spiroketals are found in well supported and distinct clades. However, some exceptions are noteworthy. For example, whereas four isochromanequinone antibiotics are located in clade B, the KS-CLF for griseusin is instead found with the angucyclines in clade A with strong support. This finding suggests that, in some instances, genetic recombination between aromatic PKS gene clusters may have given rise to antibiotics of a given chemotype with novel chain lengths. Indeed, recombining minimal PKSs and accessory biosynthetic enzymes from unrelated iterative PKS clusters has proven to be a highly productive strategy in the laboratory for the generating new aromatic polyketides (26) . Initiation module evolution. As discussed above, the minimal PKS trees suggest that initiation modules, which load nonacetate units onto the elongation KS, were likely incorporated into present-day polyketide biosynthetic pathways through horizontal gene transfer. The finding that all three KSs with propionate specificity form a defined clade in the KS tree with strong support (Fig. 1B) casts some doubt on this conclusion, as it suggests that the initiation modules and minimal PKS enzymes may be coevolving instead. We therefore wanted to investigate whether initiation KS and AATE enzymes have coevolved with the minimal PKS sequences.
Comparison of the phylogenetic trees of six elongation KS genes, which include an initiation KS (KSIII) gene in the gene cluster, revealed that coevolution of these genes is a possibility (SI Fig. 7A ). Five of six KSIII sequences are found in clades similar to those present in the KS tree. A larger data set is required to definitively establish whether the KSIII genes have coevolved with the elongation KS genes, but it is an intriguing result that would not have been expected based on the data shown in Fig. 1B . Contrasting with the KSIII/KS comparison, similar analysis of eight identified AATEs with their respective KS sequences reveals no evidence for coevolution (SI Fig. 7B ). The taxa in the only two clades in the AATE tree that are supported by both Bayesian and parsimony analysis have different affiliations in the KS tree. If one considers the results of these comparisons along with the data in Fig. 1 , it does seems more likely that horizontal transfer of the initiation modules between bacteria plays a larger role than coevolution. Heterologous expression of the R1128 initiation module with the actinorhodin, frenolicin, tetracenomycin, and pradimicin minimal PKSs did lead to alkyl-primed polyketides in all cases (30) (31) (32) , supporting this hypothesis. Additionally, the enterocin initiation module was able to prime the actinorhodin minimal PKS with benzoate (33) . Thus, horizontal transfer of initiation modules between bacteria containing different type II PKS gene clusters can be productive. It should be noted that not all initiation module and minimal PKS mix-andmatch experiments are successful, as attempts to coexpress the oxytetracycline initiation module with the actinorhodin KS-CLF or the tetracenomycin KS-CLF did not lead to the production of amidated hybrid polyketides (16) . Evolution of downstream biosynthetic enzymes. Certain enzymes are frequently found associated with minimal PKSs in the biosynthetic pathways of bacterial aromatic polyketides; they can vary along with polyketide chain length and product chemotype (Fig. 2) . For example, after the poyketide chain has been assembled, a specific KR reduces the C-9 carbonyl group, followed by an ARO that catalyzes a double dehydration and formation of the first aromatic ring. Another CYC then catalyzes the formation of the second ring to yield a common intermediate found in angucyclines, anthracyclines, isochromanequinones, and other chemotypes. Fourteen clusters were identified that contained these three genes, and phylogenetic analysis was performed for them in comparison with trees containing the respective KS and CLF sequences (SI Fig. 8 ). The gilvocarcin genes (34) were used as the outgroup for all five trees without implying that the genes are a valid evolutionary outgroup. Instead, the intent was to keep the outgroup constant for comparison purposes.
In both the KS and CLF trees, the angucycline and isochromanequinone sequences formed well supported clades, so these affiliated sequences were then used to look for possible gene transfer events that would be indicated by other genes falling inside these groups. The other sequences present in the KS and CLF trees are not located in well supported clades, leaving some doubt as to their placement, and therefore we will not discuss the incongruent clades between the various trees for these other sequences relative to each other. Two C-9 KRs were identified in the chartreusin gene cluster (35) . One of these, ChaE, falls within the isochromanequinone clade. This finding suggests that this KR might have transferred into the gene cluster, perhaps from a strain making an isochromanequinone antibiotic. The other KR-, KS-, CLF-, ARO-, and CYC-encoding genes are grouped together in this cluster over a span of 6.5 kb, whereas the ChaE gene is located 11 kb away from this group. This placement suggests that this gene was incorporated from another cluster, leading to the observed duplication, and that ChaD is likely the original C-9 KR. If individual PKS genes for aromatic polyketides can be transferred between clusters, it is plausible that duplication of genes would occasionally result and these two KRs could be an example of this duplication. In the ARO tree, the medermycin ARO med ORF19 (36) is found far outside of the clade containing the other three isochromanequinone sequences. It seems likely that this ARO has been acquired from another gene cluster. Analysis of the gene cluster shows that the ARO gene is separated by 15 kb of DNA away from the KS, CLF, C-9 KR, and CYC genes, which are located in a tight group, providing further support for this hypothesis. Because no other ARO was found in the cluster, this ARO is the only identified candidate to form the first aromatic ring in medermycin biosynthesis. Examination of the CYC tree reveals that the isochromanequinone clade is intact again, providing additional support that medermycin ARO had an outside source. These data strongly suggest that individual genes can be transferred productively from outside clusters to allow biosynthesis of different aromatic polyketides, which can lead to structural diversification or alternatively rediscovery of a bioactive chemotype in the evolution of aromatic polyketides. Implications for the biosynthetic engineer. Overall, our analysis suggests that aromatic polyketide antibiotic diversification is dynamic, with gene transfers occurring between bacteria consisting of part or entire gene clusters. Initiation modules varying the starter unit of the aromatic polyketide can be productively exchanged, as can downstream tailoring enzymes. Chain-length specificities of the PKSs appear to evolve as is necessary for the bacteria to meet environmental pressures. Thus, by selectively incorporating initiation modules and tailoring enzymes while engineering the chain length of the minimal PKS as found in nature, biosynthetic engineers should be able to productively generate new polyketides with potentially new bioactivities more efficiently than previous efforts. Not only is this theme borne out by evolutionary history, but available data from laboratory studies also support the premise. Multimodular PKSs. Biosynthetic considerations. The synthesis of many complex polyketide antibiotics in bacteria is catalyzed by multimodular PKSs. The core of each module consists of a KS, acyltransferase (AT), and ACP domain. Together they extend the growing polyketide chain by two carbon atoms and also generate an ACPbound ␤-ketoacyl intermediate. The ␤-keto group can be modified by optional accessory domains, such as KR, dehydratase (DH), and enoyl reductase (ER) domains, which are typically attached to the core module. It has been suggested multimodular PKSs arose from gene and intragene module duplication, and that the prototypical PKS module shares ancestry with a vertebrate fatty acid synthase (37, 38) . By understanding the nature's strategies for evolving novel multimodular PKSs, it may be possible to obtain useful clues for biosynthetic engineering in the laboratory. Multiple mechanisms for evolution of multimodular PKSs. In addition to point mutations, three other mechanisms have been invoked for the evolution of multidomain proteins: gene and module duplication, homologous recombination, and horizontal gene transfer. Available evidence suggests that all three mechanisms have played a role in the evolution of functionally diverse multimodular PKSs.
By now there are several excellent examples in the literature that make a compelling case for the hypothesis that multimodular PKSs arose from duplication events. For example, the core KS and ACP domains of most rapamycin PKS modules have Ͼ80-85% pairwise identity, and several complete modules of the mycolactone PKS exhibit Ͼ90% pairwise identity (39) . Indeed, module duplication may have been the primary mechanism underlying the evolution of all major families of polyketide antibiotics, because modules of most PKSs are more considerably similar to each other than to modules from distantly related polyketide pathways. For example, the core domains of modules from the avermectin PKS have higher sequence identity to each other than to modules from any other known synthase (40) .
Sequence analysis also provides evidence for the role of homologous recombination in module diversification. For example, in case of the avermectin PKS, a previous study suggested that DH-KR domains were exchanged between modules 2 and 4 and between modules 8 and 5. Loss or gain of KR domains was also proposed in modules 3 and 4 through homologous recombination (41) . It is also plausible that the AT domains of the rapamycin PKS (42) were swapped by a similar mechanism, considering the high sequence similarity of the flanking domains, especially in methylmalonyl-specific modules 3, 4, and 10 and malonyl-specific modules 8 and 9 (Fig. 3) .
Last, but not least, horizontal gene transfer has also clearly played a role in PKS evolution. For example, the corresponding modules of the erythromycin and megalomicin PKSs, both of which produce 6-deoxyerythronolide B, have markedly higher sequence identity (Ϸ75%) than with any other module from the same PKS (Ϸ40%; SI Fig. 9 ). It is likely that the entire PKS was transferred en masse between these distantly related bacteria (Saccharopolyspora erythraea and Micromonospora megalomicea, respectively). A similar conclusion also emerges from the sequences of PKSs that synthesize the aglycones of closely related 16-membered macrolides such as tylosin, mycinamicin, and niddamycin. That said, it is noteworthy that the sequences of the erythromycin and megalomicin PKSs have diverged considerably (average 75% identity among pairwise modules), and the sequences of the 16-membered macrolide PKSs have diverged even further (average 50% identity among pairwise modules). This finding suggests that horizontal gene transfers between these organisms were relatively ancient events. Evolution of AT domains. The divergence of AT domain specificity was one of the most important factors contributing to the evolution of polyketide diversity. It has been noted that malonyl-specific AT domains cluster into a distinct clade from methylmalonyl-specific AT domains (8, 40, 43) , suggesting that all domains with the same specificity share a common ancestor. Taken together with the above discussion, one might conclude that nature has successfully performed AT domain substitutions on numerous occasions. For example, 12 of 14 KS and ACP domains of the rapamycin PKS share high sequence identity (70-97%), but the malonyl-specific AT domains in these modules are quite different from methylmalonylspecific AT domains (35% identity). Because efficient engineering of AT domain substitutions in the laboratory remains an elusive challenge, it behooves us to carefully examine nature's strategy for AT domain swapping.
To further investigate the divergence of AT substrate specificity in multimodular PKSs, both Bayesian analysis of the aligned DNA sequences and maximum parsimony (MP) analysis of the aligned protein sequences were performed. Our analysis included representative malonyl-, methylmalonyl-, ethylmalonyl-, and methoxymalonyl-specific AT domains from the rapamycin, FK520, tylosin, geldanamycin, herbimycin, avermectin, niddamycin, concanamycin A, tautomycetin, and epothilone PKSs and stand-alone malonylspecific AT proteins from the disorazol, pederin, and leinamycin PKSs (Fig. 4) . As expected, the malonyl and methylmalonyl AT groups formed distinct clades, each with strong statistical support. One noteworthy exception is the malonyl-specific RapC AT14, which is found within the methylmalonyl clade. Module 14 of the rapamycin synthase is highly unusual in its organization, as it consists of only the core KS, AT, and ACP domains with a very short AT-ACP linker of only 60 residues. In a previous study (44) , it was observed that sequence changes at the C-terminal end of the AT domain could result in altered substrate specificity. It is possible that, in contrast to all other known malonyl-specific AT domains, the AT domain of module 14 evolved as a result of an intramodular deletion that also led to altered AT substrate specificity. The selective advantage, if any, of incorporating a malonyl group at this position in the polyketide chain remains to be investigated.
Although the ethylmalonyl AT domains from the FK520, concanamycin, tautomycetin, niddamycin, and tylosin PKSs lie within the methylmalonyl AT clade, implying that they evolved from methylmalonyl AT domains, more careful evaluation of the phylogenetic tree (Fig. 4) suggests that these relatively unusual AT domains may have evolved on more than one occasion. For example, the TylG AT5, Nidda AT5, and ConE AT10 domains cluster into one subclade, but the FkbB AT4 and TmcB AT9 domains are more distantly related. It also appears that methoxymalonyl-specific ATs have had several progenitors, as two distinct groups of methoxymalonyl-specific AT domains are observed, one in the methylmalonyl AT clade and the other in the malonyl AT clade. Because the biosynthesis of both building blocks [especially methoxymalonyl building blocks (45)] requires elaborate pathways, it is likely that these infrequently used AT domains can evolve with comparable ease from malonyl or methylmalonyl AT domains as long as the requisite precursor is available in the cell. As AT domains evolve, it seems that natural selection for improved activity and the availability of requisite precursors allow the specificity of ATs to change over time.
In summary, because the evolution of modules with diverse building block specificity has probably involved both point mutations and domain swapping, one could analyze the modules of present-day PKSs for clues regarding how to engineer AT domain substitutions. The rapamycin PKS is a good case study, because modules with different building block specificity have islands of limited sequence identity (30% in AT domains) flanked by highly similar protein sequences (80% in modules excluding AT domains). Remarkably, in all such cases the boundaries between these mosaic module sequences lie in the structurally characterized KS-AT linker and the post-AT linker (Fig. 5) . A similar conclusion emerges from comparing the sequences of modules with alternative building block specificity from the avermectin PKS (41) . Interdomain linkers with defined structures have been identified in multimodular PKSs (46) . Perhaps there is a key evolutionary role for these noncatalytic regions that have limited sequence similarity but a high degree of structural conservation. In essence, linkers may have evolved to maintain structural integrity notwithstanding the perturbations that arise from homologous recombination, thereby greatly enhancing the evolutionary degrees of freedom for multimodular PKSs. This hypothesis is conceptually analogous to the junctional flexibility associated with CDR3 in Ig genes, which not only contributes to antibody diversity but also provides a structurally appropriate motif for V(D)J recombination (47) .
Recently, several PKSs with modules that entirely lack an AT domain have also been identified (6, (48) (49) (50) . Instead, these PKSs include a stand-alone AT protein that transacylates all of the ACP domains of the PKS with malonyl building blocks. Our phylogeny analysis suggests that these stand-alone ATs comprise a distinct, more ancient clade (Fig. 4) . Unlike the canonical AT domains, which have continued to evolve rapidly and use different precursors, the stand-alone AT proteins, all being exclusively malonyl-specific, have undergone less evolution and consequent divergence. Understanding how such AT-less modules evolved promises to provide clues for biosynthetic engineering of novel PKSs. 
Conclusion
This analysis of PKSs reveals a class of enzymes that can be modified or amplified to increase the structural diversity of polyketide products. In this manner, bacteria capable of producing these natural products can contend with other microbes who may gain resistance to the parent polyketide and expand into new niches such as pathogenesis or symbiosis. This modification of PKSs, in combination with horizontal gene transfer events, has led to the diversity of polyketides produced by bacteria.
Nature's strategies for evolving PKSs are not haphazard, as consistent themes are apparent from the analysis presented here and elsewhere. Iterative PKSs in particular appear to achieve a lot of diversity through horizontal gene transfer mechanisms. Initiation modules can be exchanged, leading to alternate primer units, and downstream tailoring enzymes can be acquired that allow for new polyketide structures to be produced. In addition, the chain length of polyketides is a dynamic entity that appears to change under evolutionary pressures by a method comparable to site-directed mutagenesis, as just a few amino acid substitutions in the CLF protein can lead to altered chain length. Modular PKS genes appear to be transferred horizontally between bacteria similar to iterative PKS genes, but additional drivers for evolution are present. Module duplication followed by sequence divergence and acquisition of tailoring and AT domains appears to have also played a major role in the diversification of these polyketides. By following nature's lessons, it may now be possible to effectively produce new therapeutics through biosynthetic engineering in a timely fashion.
Methods: Phylogenetic Analysis
The gene sequences in this study were from the GenBank database (51); their accession numbers or the source organisms are listed in SI Tables 1 and 2 . The gene sequences were aligned based on their respective protein alignments by using Mega4 (52) , and the alignments were manually fine-tuned afterward based on structural and mechanistic considerations. Guided by the results of a study that assessed the accuracy of various phylogenetic methods in reconstructing evolutionary trees (28), we analyzed each gene set by using both Bayesian analysis of the aligned DNA sequences and MP analysis of the aligned protein sequences. The Bayesian phylogenetic trees were constructed by using Mr. Bayes 3.1.2 (53) with the DNA sequences partitioned into three blocks (the three codon positions). Default priors and the general time reversible model were used with a ␥ distribution of rate variation across sites allowing for a proportion of invariable sites. The partitions were unlinked to allow for independent estimations of likelihood. Four Markov chain Monte Carlo chains were run for enough generations (400,000 to 1.8 million), and the temperature parameter was varied as necessary so that convergence was reached (usually standard deviation of split frequencies of Ͻ0.01 were achieved). Trees were sampled every 100 generations, and the first quarter of the total trees were discarded before the analysis. The figures of the Bayesian phylograms were prepared by using Mega4 or TreeView (54) .
Support for the clades found in the phylogenetic trees is indicated by posterior probability (Bayesian)/bootstrap values (MP). If the clade is not present in the MP tree, support is indicated with a Ϫ or a C if present with a bootstrap value of Ͻ50. The scale bars in the figures indicate the number of substitutions per nucleotide position, which is a measure of the evolutionary distance of two PKSs from their common ancestor.
The MP analysis of the aligned protein sequences was performed by using the PAUP 4.0b10 program (55) . Heuristic searches were performed with 10 -100 replicates, and sequences were added randomly. Bootstrap analysis was conducted with either 25 (Fig. 4) , 100 ( Fig. 1 and SI Fig. 6 ) or 1,000 (SI Figs. 7 and 9) replicates. Where the number of equally parsimonious trees was less than five, clades supported poorly by the bootstrap analysis (Ͻ50%) on the parsimony trees are noted in the figures. Where the number was more than five (Fig. 4) , only those clades with bootstrap support Ͼ50% are indicated.
